Crystallography of self-assembled DySi 2 nanowires on a Si substrate
A recently developed crystallographic model, edge-to-edge matching, has been used to interpret the crystallographic features of self-assembled DySi 2 nanowires on Si substrates. All of the observed orientation relationships ͑ORs͒ and interface orientations of the DySi 2 on Si͑111͒, ͑001͒, and ͑110͒ were predicted by one criterion. The calculated results are fully consistent with the previous high-resolution transmission electron microscopy observations. The preference for each OR and interface was discussed in terms of the competition between thermodynamics and kinetic factors. This model can also be used in other epitaxy systems and has strong potential for future nanostructure design. © 2009 American Institute of Physics. ͓DOI: 10.1063/1.3085772͔ Self-assembled rare-earth silicide nanowires ͑NWs͒ have been intensively investigated in the past decade [1] [2] [3] [4] due to their lower Schottky-barrier height 5 than refectory metal silicides. It is generally believed that the high length-width ratio of NWs is the result of the anisotropic lattice mismatch between ReSi 2 and Si. 2, 3 However, some crystallographic features varying with substrate orientations have not been fully understood in ReSi 2 / Si systems. For example, hexagonal ͑hcp͒ DySi 2 NWs grown on Si͑111͒ have a flat interface parallel to Si͑111͒, 6 while a stepped interface inclined at 3°-5°to the substrate was always observed on Si͑001͒. 7, 8 A small relative tilt of Յ1°was also observed with the Si͑001͒ substrate.
8 DySi 2 NWs grown on a Si͑110͒ surface have the same orientation relationship ͑OR͒ with the substrate as the Si͑111͒ case, but the interface parallels the ͑111͒ Si plane in a "endotaxy" fashion. 9 Because the current crystallographic analyses always presume specific, exactly rational OR between the NWs and their substrate, they cannot account for small tilts and stepped interfaces. In this paper, the recently developed edge-to-edge matching ͑E2EM͒ model [10] [11] [12] will be applied to the hcp DySi 2 / Si epitaxy system. The predicted ORs and interface orientations will be compared with the experimental observations in previous studies. [6] [7] [8] [9] The E2EM model was originally proposed for diffusional phase transformations in bulk materials. [10] [11] [12] Both the optimized ORs and the interface orientation can be predicted once the crystal structures of the matrix and product phase are known. Recently, Zhang and co-workers 13, 14 applied this model to the TiSi 2 film/Si substrate systems and explained almost all reported ORs and their dependence on the substrate orientation. This suggests that extending this model to the NWs/substrate system is feasible. To ensure that the crystallographic analysis is meaningful, the NWs under consideration should be three-dimensional ͑3D͒ NWs 15 that are more than two or three atomic layers thick and more than 5 nm wide.
The key requirement of the E2EM model is that a set of atomic row pairs from adjacent phases matches row by row along the interface. A schematic illustration has been shown in Fig. 1 . To maximize the atomic matching, the atom rows are required to be a pair of close packed ͑CP͒ rows with small interatomic spacing misfit ͑f r ͒ along each of their row directions, normally less than 10%. 11 These row pairs along the interface are termed matching rows. Furthermore, the planes whose edges meet at the matching rows should be CP planes in each phase. A term "relative packing density" was used to identify the CP rows/planes by the ratio of quantity of atoms in unit length/area over the maximum quantity of atoms at ideal CP mode. For zigzag rows and rumpled planes, the atoms whose center is not passed through by the direction/plane are also taken into consideration once the deviation is no more than the atomic radius.
The interplanar spacing mismatch ͑f d ͒ between the CP planes is usually assumed to be less than 6% for matrix/ precipitation systems. 11 These planes are termed matching planes. It should be noted that the precipitate is influenced by the 3D constraints from the surrounding matrix. Larger values of f d usually widen the angular discrepancy between the CP plane pairs. In contrast, the NWs are constraint free along the normal to the substrate. Hence, the CP plane pairs do not need to maintain a near-parallel relationship between the NWs and the substrate. This means that small f d is not such a crucial requirement in epitaxy systems. However, the matching planes are still required to be CP planes to carry the matching rows to the interface. In addition, the second pair of CP planes is also required to have their edges along the matching rows to achieve periodic good matching zones at the interface. The lattice constants of the hcp DySi 2 studied in this paper are a = 0.383 nm and c = 0.412 nm. 16 The relative packing density along the rows/planes of DySi 2 ranked in a descending way was graphically summarized in Figs. 2͑a͒ and 2͑b͒, respectively. For brevity, we use "␤" to represent the hcp DySi 2 phase in figures. The atom row ͗2110͘ DySi 2 Z with 100% packing density is undoubtedly the CP row where the superscript "Z" means a zigzag row. Both of planes ͕0001͖ DySi 2 and ͕0111͖ DySi 2 are regarded as CP planes because they are the top two with similar packing density. The identified CP row lies in both CP planes as illustrated in Figs. 3͑a͒ and 3͑b͒, respectively. The substrate material, Si, has a diamond structure with ͕111͖ as the most CP plane. The only CP row aligns with the ͗110͘ Si Z direction and it is also a zigzag row, as can be seen in Fig. 3͑c͒ Figure 4͑a͒ shows the superimposed diffraction patterns along ͓2110͔ DySi 2 ʈ ͓110͔ Si at OR I. The solid line segments are parallel ᭝g vectors connecting the g vectors of matching planes. The dashed line indicates the interface trace normal to the parallel ᭝g vectors. For comparison, a crosssection high-resolution transmission electron microscopy ͑HRTEM͒ image taken close to the interface of hcp DySi 2 on Si͑111͒ 6 was shown in Fig. 4͑b͒ . The beam direction is parallel to ͓2110͔ DySi 2 ʈ ͓110͔ Si . The plane ͑0001͒ DySi 2 is parallel to the substrate Si͑111͒ and serves as the interface. A set of plane pairs ͑111͒ Si ͉͑0111͒ DySi 2 at an angle of 19.5°to each other meeting edge-to-edge at the interface is highlighted in Fig. 4͑b͒ as predicted by the model.
The second OR derived from the same set of matching planes and directions can be expressed as ͑0001͒ DySi 2 ͉͑111͒ Si maintain the edge-to-edge arrangement along the interface over a reasonably large scale ͑Ͼ30 atomic layers͒ in Fig. 5͑b͒ . This is also consistent with our prediction.
Previous experimental studies showed that the crystallographic features of self-assembled DySi 2 NWs on Si substrates exhibit a strong dependence on the substrate orientation. [6] [7] [8] [9] OR I was reported on both Si͑111͒ and Si͑220͒, while OR II was only observed on Si͑001͒. This dependence is now understandable from the following analysis. Consider OR I first. The calculated interface has a 0.2°deviation from the ͑111͒ Si plane and 0.14°f rom the ͑0001͒ DySi 2 plane. Hence, this CP plane pair, ͑0001͒ DySi 2 ͉͑111͒ Si , will serve as the terrace planes in this case. Theoretically, the terrace will be extremely wide-up to about 90 nm-which is far beyond the scale of typical NWs ͑5-10 nm wide͒. So the actual interface should be step free, and the terrace planes ͑0001͒ DySi 2 ͉͑111͒ Si are also expected to remain parallel to save more bonding energy and reduce the total interface energy. In contrast, the interface associated with OR II consists of much higher density of steps than that for OR I. Hence, it can be deduced that OR I is more energetically favorable than OR II in terms of the density of line defects. When Si͑111͒ is adopted as substrate, the optimized interface related to OR I already exists, and the best choice for DySi 2 is to obey OR I with the Si substrate no matter whether thermodynamics or kinetic factors are considered. When Si͑001͒ serves as the substrate, the substrate per se is the terrace plane of OR II for the nucleation and growth of DySi 2 NWs. From the kinetic point-of-view, it is relatively easier for DySi 2 to adopt OR II with its Si͑001͒ substrate rather than OR I since the formation of a ͑111͒ Si interface requires a much longer diffusion distance toward the substrate. However, the substrate Si͑220͒ is far away from either of the two optimized interfaces that we predict. This implies that long range diffusion in the substrate is inevitable for Dy atoms. In this case, thermodynamic factors may play a predominant role on the actual NW growth, namely, OR I will be preferred instead of OR II. This will result in the endotaxy NWs that have a buried interface parallel to the ͑111͒ Si plane.
